Abstract. Latitudinal variations in the nighttime plasma temperatures of the equatorial topside ionosphere during northern winter at solar maximum have been examined by using values modelled by SUPIM (Sheeld University Plasmasphere Ionosphere Model) and observations made by the DMSP F10 satellite at 21.00 LT near 800 km altitude. The modelled values con®rm that the crests observed near 15 latitude in the winter hemisphere are due to adiabatic heating and the troughs observed near the magnetic equator are due to adiabatic cooling as plasma is transported along the magnetic ®eld lines from the summer hemisphere to the winter hemisphere. The modelled values also con®rm that the interhemispheric plasma transport needed to produce the required adiabatic heating/cooling can be induced by F-region neutral winds. It is shown that the longitudinal variations in the observed troughs and crests arise mainly from the longitudinal variations in the magnetic meridional wind. At longitudes where the magnetic declination angle is positive the eastward geographic zonal wind combines with the northward (summer hemisphere to winter hemisphere) geographic meridional wind to enhance the northward magnetic meridional wind. This leads to deeper troughs and enhanced crests. At longitudes where the magnetic declination angle is negative the eastward geographic zonal wind opposes the northward geographic meridional wind and the trough depth and crest values are reduced. The characteristic features of the troughs and crests depend, in a complicated manner, on the ®eld-aligned¯ow of plasma, thermal conduction, and inter-gas heat transfer. At the latitudes of the troughs/crests, the low/high plasma temperatures lead to increased/decreased plasma concentrations.
Introduction
Several studies of the latitudinal variations in the nighttime plasma temperatures of the equatorial topside ionosphere have been carried out using in-situ measurements from instruments on board satellites Rishbeth et al., 1977; Heelis et al., 1978; Venkatraman and Heelis, 1999a, b) and mathematical models (Bailey et al., 1973; Bailey and Heelis, 1980; Balan et al., 1997) . Hanson et al. (1973) showed that the ion and electron temperatures observed by the OGO 6 satellite are, on occasion, below the expected neutral gas temperature. On such occasions, the variation of the ion and electron temperatures along the satellite path takes the form of a trough. This phenomenon was termed plasma supercooling' by Hanson et al. (1973) and was observed only at night above 500 km altitude near the magnetic equator. It was suggested by Hanson et al. (1973) that the troughs might be due to adiabatic cooling of the plasma caused by interhemispheric transport of plasma along the magnetic ®eld lines. This suggestion was con®rmed by Bailey et al. (1973) who showed, through model calculations, that the plasma is adiabatically cooled as it¯ows upwards in the summer hemisphere. The model calculations also showed that the plasma is adiabatically heated as it¯ows downwards in the winter hemisphere. In Rishbeth et al. (1977) , it was shown that the latitudinal pro®les of the ion temperature observed by OGO 6 have strong longitudinal and seasonal variations and that the occurrence of ion temperature troughs is consistent with interhemispheric transport of plasma induced by neutral winds.
The Ogo 6 measurements were made during solar maximum when F 10:7 was about 150 and O was usually the dominant ion at the satellite altitude. Using ion temperature and ion drift velocity measurements made by the Atmosphere Explorer D (AE±D) satellite, Heelis et al. (1978) veri®ed the existence of interhemispheric plasma transport and ion temperature troughs in the equatorial topside ionosphere during solar minimum. The measurements were made when F 10:7 was around 75 and in regions where H was the dominant ion. Interhemispheric plasma transport velocities between 500 and 800 ms À1 were observed. Model calculations veri®ed that adiabatic cooling of the plasma could produce the observed ion temperature troughs. In a later modelling study (Bailey and Heelis, 1980) , it was shown that the O =H transition height should represent an altitude limit above which ion cooling due to adiabatic expansion is small and that a lower altitude limit of about 600 km is imposed by the neutral atmosphere since it rapidly quenches any sources or sinks of heat.
More recently, Oyama et al. (1997) have presented observations made by the Japanese Hinotori satellite which show the existence of an anomaly in the latitudinal distributions of the electron temperature in the low-latitude ionosphere near 600 km altitude. This anomaly is called the`equatorial plasma temperature anomaly (EPTA)' and is found to occur predominantly around the equinoxes and during the evening hours. The anomaly is characterized by a trough around the magnetic equator with crests on either side. The trough develops before the crests. The anomaly shows a strong dependence on solar activity and is most pronounced when the solar activity is high. The model calculations of Balan et al. (1997) show that the anomaly occurs between 19.00 and 01.00 LT at altitudes between 450 and 1250 km and that the anomaly is strongest at around 21.30 LT and 950 km altitude during periods of high solar activity. They also show that the trough of the anomaly arises from adiabatic cooling of the plasma and increase in plasma concentration caused by the prereversal strengthening of the upward vertical E Â B drift. The crests arise from the combined eect of the reverse plasma fountain and nighttime plasma cooling.
The modelling study presented here has stemmed from the work of Venkatraman and Heelis (1999a) , who have investigated the nighttime behaviour of the ion and electron temperatures of the equatorial topside ionosphere using observations made by the DMSP F10 satellite. Shown in Fig. 1 are averaged latitudinal variations of the ion and electron temperatures and total ion concentration observed at 21.00 LT near 800 km altitude in the longitude regions 0 ±40 , 180 ±210 , and 300 ± 340 . The observations were made during January 1991 when F 10:7 was around 220. The vertical lines on the plots denote the standard deviations of the observations. The standard deviations of the ion temperatures, T i , are similar to those of the electron temperatures, T e , and are not included in the ®gure. The temperature pro®les show a trough centred slightly to the south of the magnetic equator (summer hemisphere) and by a crest near 15 latitude in the winter hemisphere. The plasma temperatures of the trough do not lie below the expected neutral gas temperature (see Hanson et al., 1973) . The crests in the ion temperature are more pronounced than those in the electron temperature. The troughs and crests are most prominent in the longitude region 180 ±210 , where the magnetic declination angle is near 10 , and almost absent in the longitude region 300 ±340 , where the magnetic declination angle is near À18
. In the longitude region 0 ±40 , the magnetic declination angle is close to zero. Venkatraman and Heelis (1999a) have attributed the longitudinal variations in the latitudinal variations of the plasma temperatures to the roles played by the geographic meridional and zonal winds in modulating the interhemispheric plasma transport and the peak heights of the F-regions in the summer and winter hemispheres. The latitudinal variations of the plasma temperatures have also been shown to be strongly dependent on the O =H transition height and on the level of solar activity (Venkatraman and Heelis, 1999b) . The troughs and crests have their greatest values during solar maximum. As pointed out by Venkatraman and Heelis (1999a) , there is insucient information in the observed data to determine the extent of the adiabatic cooling. Figure 1 also shows signi®cant dierences in the latitudinal variations in the total ion concentration. Within the longitude region 300 ±340 , the total ion concentration is almost symmetric about the magnetic equator.
In this work, the longitudinal variations of the troughs and crests that occur in the plasma temperature pro®les displayed in Fig. 1 are investigated through model calculations. The cooling/heating of the plasma by adiabatic expansion/compression will be determined. Also investigated are the eects of adiabatic cooling/ heating on the plasma concentrations.
Mathematical model
The model used is SUPIM, the Sheeld University Plasmasphere-Ionosphere Model (Bailey and Sellek, 1990; Bailey et al., 1993; Bailey and Balan, 1996) . In SUPIM, coupled time-dependent equations of continuity, momentum, and energy for the O , H , He , N 2 , O 2 , and NO ions, and the electrons, are solved along closed magnetic ®eld lines for the ion and electron concentrations, ®eld-aligned velocities, and temperatures. For expediency, the geomagnetic ®eld is represented by an axial centred-dipole. The magnetic declination angle is taken into account in the model calculations through the magnetic meridional wind, which is dependent on the geographic meridional and zonal winds and the magnetic declination angle (see Eq. 6). The geographic meridional and zonal wind velocities are based on those given by HWM90 (Hedin et al., 1991) . The concentrations and temperatures of the neutral gases are given by the MSIS86 thermospheric model (Hedin, 1987) . The solar EUV¯uxes are given by the EUVAC solar EUV¯ux model (Richards et al., 1994) . The vertical E Â B plasma drift velocity is taken either to be zero or to be given by the recently published global empirical model of Scherliess and Fejer (1999) . In this model, the equatorial vertical E Â B plasma drift velocities are determined from combined incoherent scatter radar observations made at Jicamarca and ion drift meter observations made by the AE±E satellite. The zonal E Â B plasma drift velocity is taken to be zero.
The energy equation for the ith constituent (i O ; H ; He ; e; where e denotes electrons) is
The temperature of the molecular ions is taken to be that of the O ion. The thermal conductivities of the ith ion constituent and the electrons, j i and j e eV cm À1 s À1 K À1 , respectively, are evaluated from the expressions 
and the heating rate Q e by Q e Q ph:e j Q ej Q en 5 where j denotes summation over the ions and jT i denotes summation over the ions except for the ith. The terms Q ie , Q ij , and Q in denote the heating rates between the ith ion and the electrons, jth ion, and neutral gases, respectively. The term Q ej denotes the heating rate between the electrons and jth ion and Q en between the electrons and neutral gases. Expressions for these terms are given in Bailey and Sellek (1990) and Bailey and Balan (1996) .
The term Q ph:e denotes the heating rate by the photoelectrons. It is calculated by the method developed by Richards and co-workers (Richards and Torr, 1988) . In this method, energetic photoelectrons are produced by photoionization of the neutral gases. These photoelectrons heat the thermal electrons through Coulomb collisions, magnetic trapping due to pitch angle diusion, and backscattering from the conjugate hemisphere. However, there is insucient heat produced by these processes to give the observed ion and electron temperatures at the higher latitudes. Thus, to obtain agreement in the modelled and observed values we have followed previous workers (Chandler et al., 1987; Balan et al., 1996 Balan et al., , 1997 and introduced an equatorial high-altitude heat source. Such a heat source might arise from interactions between the electrons in the radiation belts and thermal electrons in the equatorial plasmasphere (BuÈ hler, 1998) . The heat source is applied as energy input along the magnetic ®eld lines with apex altitude greater than 600 km between AE10 latitude. The plasma temperature at high altitudes and its latitudinal variation are little aected by the width of the heating region. They are, however, aected by the total energy input. For the present study, the heat source has energy rate 4 Â 10 6 eV m À3 s À1 during the day and 0:5 Â 10 6 eV m À3 s À1 during the night; linear interpolation between these values is used during the sunrise and sunset periods. This heat source increases the daytime total energy input between latitudes AE10
, along ®eld lines with apex altitude greater than 1000 km, by about 5%. Without this additional heat source the model calculations give plasma temperatures that are about 800 K lower than observed at latitudes around AE40 (®gure not shown); with increasing latitude the dierences become much greater. Within the trough region, the modelled temperatures are similar to those observed.
Model calculations and results
The model calculations have been carried out along magnetic ®eld lines with apex altitude distributed between 150 and 9000 km. The intervals in apex altitude vary from 25 km (for ®eld lines with apex altitude less than 400 km) to 1000 km (for ®eld lines with apex altitude greater than 6000 km). For each set of model calculations, F 10:7 220, Ap 4, and the day number is 16. These model inputs are appropriate for the atmospheric conditions occurring during January 1991 when the observations used in this study were made.
As described in the Introduction, the troughs/crests that occur in the latitudinal variations of the plasma temperatures arise from adiabatic cooling/heating of the plasma caused by interhemispheric plasma transport. Interhemispheric plasma transport arises from an imbalance in plasma pressure along the magnetic ®eld lines. During the solstices this imbalance is caused, principally, by asymmetries in the magnetic meridional wind (component of neutral wind in the magnetic meridian) in the F regions of the summer and winter hemispheres. Such winds can be as large as 300 ms À1 (Blum and Harris, 1975) . Bailey and Heelis (1980) have shown that winds of 100 ms À1 can induce interhemispheric ion ®eld-aligned velocities of 300 ms À1 along ®eld lines with apex altitude around 1000 km. The neutral wind has little altitude variation above about 300 km altitude due to the eects of viscosity (Rishbeth, 1972) .
The magnetic meridional wind velocity, U (positive in the southward direction), is related to the geographic meridional wind velocity, U h (positive in the southward direction), and geographic zonal wind velocity, U / (positive in the eastward direction), through the relationship
where D is the magnetic declination angle (positive in the eastwards direction). Usually, the longitudinal variation in the magnetic meridional wind arising from the longitudinal variations in the geographic meridional and zonal winds is small when compared to the longitudinal variation arising from the longitudinal variation in the magnetic declination angle. Figure 2 shows latitudinal variations of the magnetic meridional wind velocity at 300 km altitude and 21.00 LT for magnetic declination angles 0 , 15 , and À15 . These values are representative of the global variation in the magnetic declination angle and of the respective longitude regions 0 ±40 , 180 ±210 , and 300 ±340 , the binning intervals used in the construction of Fig. 1 . For each wind pattern, the geographic meridional and zonal winds given by HWM90 (Hedin et al., 1991) have been modi®ed (at all times) by increasing their magnitudes by the factor 2 and, for the geographic meridional wind, by moving its latitude pro®le through 20 in the summerto-winter hemisphere direction. The latitudinal variation of the geographic zonal wind velocity at 300 km altitude and 21.00 LT is also shown in Fig. 2 (dot-dash curve); the geographic meridional wind is given by solid curve of Fig. 2 (magnetic meridional wind with zero magnetic declination angle). These modi®cations have been carried out to improve the agreement in the modelled and observed latitudinal pro®les for the ion and electron temperatures and electron (total ion) concentration. Other authors, e.g. Su et al. (1995) , have also found it necessary to modify the magnitude and phase of the meridional winds given by HWM90 for the low-latitude region in order to obtain agreement in their modelled and observed values of plasma concentration and temperature. Stening (1992) has pointed out that there are considerable uncertainties in the values given by HWM90 for the neutral winds at low latitudes. These uncertainties are due, principally, to the data coverage of the HWM90 model being sparse in the low-latitude region. A comparison of the pro®les displayed in Fig. 2 shows that a combination of an eastward geographic zonal wind and a positive magnetic declination angle increases the magnitude of the magnetic meridional wind velocity while a combination of an eastward zonal wind and a negative magnetic declination angle decreases the magnitude of the magnetic meridional wind velocity.
Shown in Fig. 3 are the latitudinal variations of the O and electron temperatures, and electron concentration, at 800 km altitude and 21.00 LT obtained from model calculations in which the magnetic declination angle is 0 (left-hand column), 15 (centre column), and À15
(right-hand column). For each magnetic declination angle, two sets of model calculations have been carried out. In the set A calculations the p div v term has been included in the ion and electron energy equations while in the set B calculations it has been excluded. It should be noted that the cooling/heating arising from this term is due to ®eld-aligned plasma transport adiabatically expanding the plasma on the upwind side of the magnetic equator and adiabatically compressing the plasma on the downwind side. For the modelled values considered here, the H and He temperatures lie between the O and electron temperatures (®gure not shown).
The values shown in Fig. 3 for magnetic declination angles 0 and 15 (left-hand and centre columns) have been obtained from model calculations in which the E Â B plasma drift velocity is taken to be zero while those shown for magnetic declination angle À15
(righthand column) have been obtained from model calculations in which the E Â B plasma drift velocity has been obtained from the global empirical model of Scherliess and Fejer (1999) . The local time variation of the equatorial vertical E Â B plasma drift velocity, which is taken to be independent of altitude, is displayed in Fig. 4 . In Su et al. (1995) , it has been shown that an altitude variation in the equatorial vertical E Â B plasma drift velocity can aect the latitudinal and diurnal variations of the plasma temperatures and concentrations in the equatorial topside ionosphere. However, the altitude variation is unknown and, since its inclusion will not aect the conclusions of the present study, it has not been included in the model calculations. The latitudinal variation of the E Â B drift velocity is in accord with the dipole ®eld-line geometry (Bailey and Sellek, 1990) . The calculated total ion concentrations obtained for magnetic declination angles 0 and 15
(left-hand and centre columns) are in closer agreement with the observed values than those obtained from calculations that include the E Â B plasma drift. This unexpected result is probably a consequence of using an E Â B plasma drift inconsistent with the observations. It should be remembered that the Scherliess and Fejer (1999) model is based on incoherent scatter radar observations made at Jicamarca and by observations made by the ion drift meter on board the AE-E satellite. The observed equatorial vertical E Â B plasma drift velocities have considerable longitudinal variation, especially at solar maximum (Scherliess and Fejer, 1999) . As discussed later, the latitudinal variation of the modelled plasma temperatures at 800 km altitude and 21.00 LT are little aected by the E Â B plasma drift. The E Â B plasma drift does, however, lead to signi®-cant dierences in the electron concentration pro®les (see Fig. 5 ).
A comparison of the temperature pro®les obtained from the set A and set B calculations clearly shows that the p div v term in the energy equation acts as a heat source in the winter hemisphere, leading to crests in both the O and electron temperatures at latitudes near 15 , and a heat sink in the summer hemisphere, leading to troughs in the O and electron temperatures centred at latitudes near 5 in the summer hemisphere. The crests in the O temperature are much greater than those in the electron temperature due to the dominant role played by thermal conduction in the electron gas; the thermal conductivity of the ion gas is almost negligible. In the trough region, the O and electron temperatures have similar values due to the strong thermal coupling between the O and electron gases arising from the high plasma concentrations. The results obtained from the model calculations that include the p div v term in the ion and electron energy equations (set A calculations) are in qualitative agreement with the observed values; the modelled values are generally lower than the observed values. No attempt has been made to obtain quantitative agreement in the modelled and observed values since the purpose of the present study is to determine the eects of adiabatic cooling/heating on the Fig. 3 . Latitudinal pro®les at 800 km altitude and 21.00 LT of the modelled O and electron temperatures, and electron concentration, for magnetic declination angles 0 , 15 , and À15 . The curves labelled A have been obtained from calculations which include the p div v term in the ion and electron energy equations. The curves labelled B have been obtained from calculations that exclude the term. The curves displayed for magnetic declination angles 0 and 15 (left-hand and centre columns) have been obtained from model calculations in which the E Â B plasma drift velocity is taken to be zero while those shown for magnetic declination angle À15 (right-hand column) have been obtained from model calculations in which the E Â B plasma drift velocity has been obtained from the global empirical model of Scherliess and Fejer (1999) (see Fig. 4) characteristic features of the latitudinal pro®les. A further comparison of Figs. 1 and 3 shows that the modelled electron concentrations are also in close agreement with the observed total ion concentrations when adiabatic cooling/heating is included in the model calculations.
The increase in magnitude of the magnetic meridional wind velocity due to using a magnetic declination angle of 15 rather than 0 (see Fig. 2 ) leads to signi®cantly increased values in the modelled O ®eld-aligned velocities in the winter hemisphere (®gure not shown) which, in turn, leads to increased crest values in the O temperature. Although there are similar increases in the electron ®eld-aligned velocity, there is only a small increase in the crest value of the electron temperature due to the high thermal conductivity of the electron gas. The increase in the magnetic meridional wind in the summer hemisphere is much smaller than that in the winter hemisphere. This increase is insucient to induce the signi®cant increases in the O and electron ®eld-aligned velocities in the trough region that are needed to make signi®cant changes to the depths of the O and electron temperature troughs. The increase in the magnetic meridional wind velocity also leads to increases in the total ion concentration at 21.00 LT and 800 km altitude in the summer hemisphere and decreases in the winter hemisphere. These changes arise because the greater summer-to-winter hemisphere magnetic meridional wind velocity raises the F region in the summer hemisphere to altitudes of lower chemical loss and lowers the F region in the winter hemisphere to altitudes of greater chemical loss.
As expected, the decrease in magnitude of the magnetic meridional wind velocity due to using a magnetic declination angle of À15 rather than 0 (see Fig. 2 ) leads to signi®cantly decreased values in the modelled O and electron ®eld-aligned velocities (®gure not shown) which, in turn, leads to decreased trough depths and crest values in the O and electron temperatures. In addition, the reduced magnetic meridional neutral wind velocity leads to lower F-region peak altitudes in the summer hemisphere and a higher F-region peak altitudes in the winter hemisphere. The changes in the summer hemisphere results in decreased values for the F-region peak plasma concentration and for the plasma concentration at 800 km altitude. In the winter hemisphere, the higher F-region peak altitude leads to increased plasma concentrations in the F-region and increased concentrations at 800 km altitude.
The modelled O and electron temperatures, and electron concentrations, shown in Fig. 5 have been obtained from calculations with magnetic declination angle À15
, which include the vertical E Â B plasma drift velocity pattern described (see Fig. 4 ), and those obtained from calculations in which the drift is taken to be zero. A comparison of the temperature pro®les shows that E Â B drift has little eect on the latitudinal distributions of the temperatures at 800 km altitude and 21.00 LT. This result is in agreement with the results of previous studies (e.g., Bailey et al., 1973) . There are, however, major dierences in the electron concentration pro®les at latitudes around the magnetic equator (AE20 ). Within this region, the downward vertical E Â B plasma drift leads to electron concentrations that vary little with latitude and which are much higher than those outside this region. This increase in electron concentration is a consequence of the upward daytime E Â B plasma drift transporting high-density plasma from lower altitudes (Bailey et al., 1997) . The pro®les displayed in Figs. 6 and 7 show, respectively, latitude and altitude variations of the characteristic features of the troughs and crests at 21.00 LT. These pro®les have been obtained by subtraction of the temperature pro®les obtained from model calculations that exclude the p div v term in the ion and electron energy equations (set B calculations) from those that include the term (set A calculations). The latitudinal pro®les displayed in Fig. 6 are for 800 km altitude. The altitude pro®les displayed in Fig. 7 are for latitudes À6 and 16
. These latitudes are close to the trough centres and crest peaks, respectively.
As these ®gures show, and as discussed already, the greatest trough depths and crest values occur when the magnetic declination angle is 15 and smallest when it is À15
. Both the latitude and altitude of the O and electron temperature crest peaks increase with increasing magnetic meridional wind. The O crest peak can exceed that of the electrons by more than a factor 2. The much smaller latitudinal variation in the electron temperature is a result of the major role played by thermal conduction in the electron gas; thermal conduction in the ion gas is almost negligible. At the latitudes of the trough, there is little dierence in the modelled O and electron temperatures at 800 km altitude due to the strong thermal coupling of the O and electron gases arising from the high plasma concentrations. With increasing altitude, the weaker thermal coupling leads to increased dierences in the O and electron temperatures. At the higher altitudes, the increasing in¯uence of the H ion leads to decreases in the dierences between the O and electron temperatures. The greatest trough depth occurs at around 1000 km altitude. The trough depth of the O temperature has a broad maximum between about 1000 and 1500 km altitude. The greater the magnetic meridional wind, the broader the altitude extent of the trough maximum. Figure 7 shows clearly that the troughs and crests only occur within an altitude range. For adiabatic cooling/heating to be sucient to produce troughs/ crests, both the plasma scale height and the coupling to the neutral gases have to be low. These conditions are met at altitudes below the O =H transition height and above about 600 km altitude (see also Bailey and Heelis, 1980) . The temperature dierences that occur at the higher latitudes and altitudes of Figs. 6 and 7, respectively, arise from the role played by the p div v term and plasma transport in the energy balance along the higher apex-altitude ®eld lines. They do not indicate the occurrence of temperature crests.
The characteristic features of the troughs and crests are not only determined by the magnitude of the magnetic meridional wind velocity but, also, by its latitudinal variation. This is demonstrated by the results displayed in Fig. 8 . In this ®gure are displayed the modelled O and electron temperatures, electron concentrations, and O ®eld-aligned velocities obtained from calculations (set A) with magnetic declination angle 0 and those obtained from model calculations in which the magnitude of the neutral wind has not been increased by the factor 2 (set C) and with no latitudinal displacement in the geographic meridional wind (set D). The wind patterns for these calculations are also displayed in Fig. 8 ; the wind pattern described by the solid curve is the same as that described by the solid curve of Fig. 2 . For the set C calculations, the interhemispheric transport generated by the magnetic meridional wind is insucient to induce signi®cant crests in the plasma temperature in the winter hemisphere. The greater O and electron concentrations in the winter hemisphere lead to reduced dierences in the O and Fig. 2 , the curves labelled C from model calculations in which the magnitude of the neutral wind has not been increased by the factor 2, and the curves labelled D from model calculations in which there is no latitudinal displacement in the geographic meridional wind electron temperatures. When there is no latitudinal displacement in the magnetic meridional wind the greater equatorward-directed wind raises the F region in the summer hemisphere, which leads to increased O and electron concentrations at 800 km altitude. Although the F region in the winter hemisphere is lower in altitude compared to that obtained from calculations with no displacement in the magnetic meridional wind, the interhemispheric¯ow of plasma from the summer hemisphere keeps the O and electron concentrations at 800 km altitude high. As a consequence, the O and electron ®eld-aligned velocities at 800 km altitude are reduced in magnitude. This leads to reduced crests in the O temperature. The crest in the O temperaure is, as expected, slightly more prominent than in the electron temperature.
The characteristic features of the troughs and crests in the latitudinal distributions of the ion and electron temperatures are determined by the contributions made by the individual cooling and heating processes to the total energy balance. Shown in Fig. 9 are the values of the individual terms of the O and electron energy equations at 800 km altitude and 21.00 LT. The values shown in this ®gure have been determined from calculations which include the p div v term in the energy equation, do not include the vertical E Â B plasma drift, and have magnetic declination angle 0 , i.e., the set A values displayed in the left-hand panel of Fig. 3 . The values of the terms are given with their signs arranged so that at any point their algebraic sum is zero, i.e. the terms on the left-hand side of Eq. 1 have been moved to the right-hand side.
In the electron gas, the p div v term (labelled PDIV in Fig. 9 ) is the principal heat sink in the summer hemisphere and the principal heat source in the winter hemisphere. In the summer hemisphere, the p div v term is balanced, principally, by heating from the photoelectrons [labelled Q(E) in Fig. 9 ] and thermal conduction (labelled CON in Fig. 9 ). In the winter hemisphere, the ion gases make important contributions to the heating. This heating [labelled Q(E±I) in Fig. 9 ], combined with that from the p div v term is balanced by thermal conduction. The p div v term in the O gas also acts as a heat sink in the summer hemisphere and a heat source in the winter hemisphere. However, thermal conduction in the ion gases is small and plays a minor role in the energy balance of the ion gases. For O , the p div v term in the summer hemisphere is balanced principally by its thermal coupling with the neutrals [labelled Q(O ±N) in Fig. 9 ] and electrons [labelled Q(O ±E) in Fig. 9 ]. In the winter hemisphere, the p div v term is balanced by the heat lost to the electrons, H ions, and neutral gases. For the H gas (®gure not shown), the p div v term is small. At trough latitudes, the principal source of heating are the electrons and this is balanced, principally, by cooling to the O ions. At latitudes around the temperature crests, the roles are reversed with the electron and O gases acting as heat sinks and heat sources, respectively.
A comparison of the electron concentration pro®les obtained from the model calculations that include and exclude the p div v term in the ion and electron energy equations show signi®cant dierences (see Fig. 3 ). Within the trough region, the calculations that include the p div v term (set A) give electron concentrations that are higher than those that exclude the term (set B) even though the plasma temperatures are lower. Around the crests, the model calculations give lower electron concentrations when the p div v term is included in the calculations even though the plasma temperatures are higher. These unexpected behaviours can be explained by considering the altitude pro®les of the O and H ions. Shown in Fig. 10 are the altitude pro®les of the O and H concentrations at À16 and 16 . These latitudes are representative of the latitudes where the greatest dierences in the two sets of calculations occur.
At altitudes below about 800 km, the distribution of H is largely controlled by chemical production and loss through the reactions
which have rate coecients proportional to T 0:5 n and T 0:5 H , respectively, where T n denotes the neutral gas temperature and T H the temperature of the H ions. It should be borne in mind that, for the modelled values considered here, the H temperature lies between the O and electron temperatures. Thus, at the latitudes of the trough, the lower H temperatures that occur below 800 km altitude reduces the chemical loss of H (reaction 8) at those altitudes which, in turn, leads to increases in the H concentration (see Fig. 10 ). The downward diusion of O is, therefore, reduced and the O concentration increased. At the latitudes around the crests, the higher H temperatures increase the chemical loss of H which, in turn, leads to reduced H concentrations at altitudes below about 800 km. At these altitudes, the O diusion coecient is increased and this leads to reduced O concentrations.
Conclusions
Observations from the DMSP F10 satellite at 21.00 LT and 800 km altitude show troughs and crests in the latitudinal pro®les of the ion and electron temperatures. The longitudinal variations in the averaged observed latitudinal pro®les for January 1991, when F 10:7 was around 220, have been reproduced by the values modelled by SUPIM (Sheeld University Plasmasphere Ionosphere Model). It has been veri®ed that the troughs/crests are due to adiabatic cooling/heating of the plasma as the plasma¯ows along magnetic ®eld lines from the summer hemisphere to the winter hemisphere.
The modelled values con®rm that the plasma ®eld-aligned velocities needed to produce the troughs and crests can be induced by neutral winds. At 800 km altitude, F-region magnetic meridional winds of about 200 ms À1 induce O ®eld-aligned velocities approaching 600 ms À1 . The longitudinal variations in the characteristic features of the troughs and crests are shown to be due to the longitudinal variations in the magnetic meridional wind. This wind component is strongly dependent upon the geographic meridional wind, with the geographic zonal wind playing a signi®cant role at longitudes where the magnetic declination angle is large. At longitudes where the magnetic declination angle is positive the eastward geographic zonal wind combines with the northward (summer hemisphere to winter hemisphere) geographic meridional wind to enhance the northward magnetic meridional wind. This leads to deeper troughs and enhanced crests. At longitudes where the magnetic declination angle is negative, the eastward geographic zonal wind opposes the northward geographic meridional wind and the trough depth and crest values are reduced. Consideration of the individual terms of the ion and electron energy equations shows that the characteristic features of the troughs and crests depend, in a complicated manner, on the ®eld-aligned ow of plasma, thermal conduction, and inter-gas heat transfer. The high/low electron concentration values that occur at the latitudes of the temperature troughs/ crests result from the reduced/increased chemical loss of 
